In spite of the tremendous efforts dedicated to developing hypoxia-activated prodrugs, no agents yet have been approved for clinical therapy. In the present study, the hypoxic selective anti-cancer activity as well as the cellular target of a novel tirapazamine (TPZ) analogue, 7-methyl-3-(3-chlorophenyl)-quinoxaline-2-carbonitrile 1,4-dioxide (Q6) were investigated. Q6 implemented anti-cancer effects via poisoning topoisomerase II (topo II) under hypoxia. Modified trapped in agarose DNA immunostaining (TARDIS) assay showed more topo II-DNA cleavage complexes trapped by Q6 than TPZ at even lower concentration. In addition, by introducing ataxia-telangiectasia-mutated (ATM) kinase inhibitors caffeine and KU-60019, we displayed that Q6-triggered apoptosis was attributed, at least partially, to DNA double-strand breaks generated by the topo II-targeting effect. Collectively, Q6 stood out for its better hypoxia-selectivity and topo II-poisoning than the parental compound TPZ. All these data shed light on the research of Q6 as a promising hypoxia-activated prodrug candidate for human hepatocellular carcinoma therapy.
Introduction
A hallmark of solid tumor is hypoxia, which partially attributes to the outgrowth of cancer cells. Mounting evidences indicate that hypoxia confers highly resistance to conventional chemotherapy and radiation therapy. In addition, hypoxia is thought to promote invasiveness and metastasis, usually correlated with poor patient prognosis. As a physiological feature of solid tumor, hypoxia has also shed light on targeting therapy, namely, developing hypoxia-activated prodrugs (HAPs). HAPs predominantly share a common mechanism that can be reduced to covalent modifiers of DNA in hypoxic cells [1] , exhibiting toxic side effects to hypoxic cells and reduced side effects to normoxic cells.
Western blot analysis
Protein samples were separated by SDS-PAGE and transferred to PVDF membranes (Millipore, Bedford, UK). Blots were blocked for 1 h in 5% milk/0.1% Tween 20 in phosphate buffered saline (PBS-T) and then incubated with primary antibodies (1: 1000) at 4°C overnight. Blots were then washed three times for 15 min in PBS-T, followed by incubation with secondary antibody (according to different primary antibodies, HRP-conjugated goat anti-mouse, anti-rabbit, and rabbit anti-goat IgG were used (1: 5000, Santa Cruz, Dallas, TX)) in 5% milk/ PBS-T for 1 h, and then washed three times for 15 min in PBS-T. The membranes were briefly incubated with ECL detection reagent (Amersham Biosciences, Castle Hill, Australia) to visualize the proteins and were then exposed on X-ray film. Primary antibodies used were as follows: ATM (Cat# 600-401-398), and p-ATM (Cat# 600-401-400) were purchased from Rockland Immunochemical (Gilbertsville, PA, USA); cleavage-caspase-3 (Cat# 9661), cleavage-PARP (Cat# 5625P), γ-H2Ax (Cat# 9718), Bax (Cat# 2772s), and Bcl-2 (Cat# 2870), ATR (Cat# 2790), p-ATR (Cat# 2853S) were from Cell Signaling Technology (Beverly, MA); PARP (Cat# 7150), pro-caspase-3 (Cat# 7272), β-Actin (Cat# 1615), Chk1 (Cat# 377231), p-Chk1 (Cat# 2341), Chk2 (Cat# 8813), p-Chk2 (Cat# 2661) were from Santa Cruz (Dallas, Texas, US).
Trypan Blue Staining
Cells were plated into six-well plates and exposed to Q6 (1 μM) for 72 hours. Cells were then harvested and resuspended with culture medium at a density of 1×10 5 cells/mL. 10 μL of cells collected from each group was incubated for 2 min with 10 μL of trypan blue solution (Cat# T8154, Sigma, St. Louis, MO). Unstained live cells and total cells were both counted on a hemocytometer.
Immunofluorescene (IF) staining
HepG2 cells were exposed to Q6 (50 μM) or TPZ (100 μM) for 1 h. For γ-H2AX foci assessment, the cells were fixed in 4% paraformaldehyde in PBS for 20 min at room temperature followed by three rinses in PBS and permeabilization in 0.1% Triton-X100 (in PBS) for 10 min at 4°C. Next, cells were blocked by 4% BSA and incubated with primary rabbit monoclonal antibody against γH2AX (1:200) for 10 h at 4°C. Following two rinses with PBS, cells were incubated for 1 hour with FITC-conjugated secondary antibody (1:200, A-21206, Invitrogen), and subjected to with DAPI staining (1 μg/mL) and imaged with Leica DMI 400B fluorescence microscope.
Propidium iodide staining for flow cytometry
Cells were seeded into six-well plates and exposed to compounds for indicated times. Cells were then harvested and washed with PBS, fixed with precooled 70% ethanol at 4°C. Staining went along in PBS containing 40 μg/mL RNase A and 10 μg/mL propidiumiodide (Sigma, St. Louis, MO) in the dark for 30 min. For each sample, at least 1×10 4 cells were analyzed using an FACSCalibur cytometer (Becton Dickinson, Lincoln Park, NJ).
DNA-topoisomerase II activity assay
Topo II activity was measured by the ATP-dependent decatenation of kinetoplast DNA (kDNA) [9] or the ATP-dependent relaxed pHOT-1 [10] . Firstly, untreated and treated cells were harvested on ice. Next, we separated cytoplasmic fractions from nuclear fractions as the references described [11, 12] . Then, we assessed topo II activity in nuclear extracts from cells treated with or without indicated compounds. The topo II activity assay reaction buffer consisting of 50 mmol/L Tris-HCl (pH 7.7), 120 mmol/L KCl, 10 mmol/L MgCl 2 , 1mmol/L ATP, 0.5 mmol/L DTT, 0.5 mmol/L EDTA, and 30 μg/mL bovine serum albumin was mixed with 0.1 μg kDNA (TopoGEN, Inc., Columbus, OH) or pHOT-1 (TopoGEN, Inc., Columbus, OH) in a total volume of 20 μL. After incubation at 37°C for 15 min, the reaction was terminated by the addition of 10% SDS (1 μL). The DNA samples were subjected to electrophoresis in a 1% agarose gel in 1×TAE at 4 V/cm for 2 h.
Trapped in agarose DNA immunostaining assay
Trapped in agarose DNA immunostaining (TARDIS) assay was done as previously reported with few minor modifications [8, 13] . Briefly, untreated or treated cells were harvested and mixed with low-melting gel spreading on slides, followed by placing the slides in lysis buffer containing protease inhibitors. Proteins that were not covalently bound to the DNA were then removed by 1mol/L NaCl containing protease inhibitors. Topo II that covalently bound to DNA of each cells was detected using topo IIα-specific polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and Alexa Fluor 488 goat anti-rabbit immunoglobulin G (Molecular Probes, Eugene, OR). DNA was stained with 1 μg/μL DAPI. Images were captured using fluorescence microscope (Leica DMI 4000B).
Gene transfection and RNAi
Cells were seeded on 6-well plates and transfected 24 h later using Lipofectamine 2000 (Invitrogen, 11668-019), according to the manufacturer's instructions. Human ATM siRNA and control siRNA were obtained from GenePharma Co. Ltd (Shanghai, China).
Statistical analysis
Data were presented as mean ± SD, and significance was assessed with the Student's t-test. Differences were considered significant at p< 0.05.
Results

Q6 exerts potent antitumor activity and hypoxia-selectivity in 3 HCC cell lines
We have determined the antiproliferative activity of Q6, a TPZ derivative (Fig 1A) , against several human cancer cell lines previously [3] , suggesting that Q6 may possess considerable antitumor characteristics and superior hypoxia-selectivity to TPZ (S2 Fig) . Notably, it was evaluated in human hepatocellular carcinoma, with IC 50 of 2.23 μM for Bel-7402 in hypoxia, 14.7 μM in normoxia, and with IC 50 of 1.76 μM for HepG2 in hypoxia, 13.1 μM in normoxia. Given the critical contribution of hypoxic microenviroment to HCC maliganancy, Q6 was more potent against HCC cells [4] . In order to further validate the potent activity of Q6 against hypoxic HCC cells, trypan blue exclusion staining assay [14, 15] was utilized. As shown in Fig  1B, the exposure to Q6 (1 μM, 72 h) caused much more dead cell poplulation on hypoxia-cultured HCC cell lines HepG2 (47%), Bel-7402(43%) and SMMC-7721 (69%), than that of normoxic HepG2 (7%), Bel-7402(8%) and SMMC-7721 (7%). In addition, those hypoxic HCC cells treated with Q6 exhibit a shrunken and round morphology as compared with those of control groups (0 μM) (Fig 1B) . These results suggest that Q6 might be a promising drug candidate for further development as a hypoxic selective anti-tumor agent to treat hepatocellular carcinoma. 
Q6 binds to Topo II spatially
Since TPZ has been demonstrated to exert anti-cancer activity as a Topoisomerase II (topo II)-targeting agent under hypoxia, the potential effects of Q6 on topo II were explored. Firstly, we used molecular docking technology to examine the binding mode of Q6 with topo II, which was based on the package of Discovery Studio 2.1/CDOCKER, and regarded topo II active site topo II / G section of DNA complex (PDB ID: 2RGR) as a template. The molecular docking analysis (Fig 2A) showed that, quinoxaline basic parent structure of Q6 could effectively bind to topo II and DNA binding region, and form electrostatic interactions with the DNA phosphate groups. Additionally, the quinoxaline ring and 3-chlorophenyl group of Q6 can form effective hydrophobic interactions and hydrogen bondings with topo II amino acid residues (such as Arg 906, Thr 907, etc.), which further reinforced the interactions between Q6 and topo II DNA complexes. As positive controls, TPZ and VP16, the effective inhibitors of topo II, also exhibited effective binding to DNA-topo II complexes in our system.
Q6 preferentially inhibits the Topo II activity in hypoxic HepG2 cells
Previous studies revealed the hypoxic selectivity of Q6 [3, 4] and its interaction with topo II (Fig 2A) , we were thus inspired to further investigate that whether Q6 could inhibit the topo II activity, particularly, in those hypoxic cells. HepG2 cells under hypoxia and normoxia were treated with Q6, TPZ or VP16, respectively, followed by nuclear extraction. Given the fact that topo II is predominately located in the nucleus [16] , we incubated those nuclear fractions achieved from hypoxia or normoxia agent-exposed cells, with kDNA, the specific substrate for topo II enzyme activity [8] . The kDNA decatenation assay was commonly used to examine the topo II activity [13, 17] . Topo II catalyzed the double-stranded catenated kDNA decatenation in the presence of ATP, which generated the minicircles. Inhibition of topo II activity by Q6 was measured as a loss in the capacity to decatenate kDNA. As shown in Fig 2B, in the absence of compounds, kDNA was decatenated to minicircles, which disappeared in a dose-dependent manner in the presence of Q6, and 20 μM Q6 was sufficient to inhibit the activity of topo II in hypoxia as well as 100μM TPZ did. In normoxia both 100 μM Q6 and 100 μM VP16 could inhibit the activity of topo II, whereas 100 μM TPZ only partly weakened the activity of topo II. Similar observation was also achieved from Q6-treated Bel-7402 cells. As shown in S1 Fig, the relaxation of supercoiled pHOT-1 DNA was prohibited by the nuclear extraction from Q6-treated hypoxic Bel-7402 cells. These finding demonstrated that Q6 preferentially target the topo II in those hypoxic cells, and the inhibition activity under hypoxia was stronger than that of TPZ.
Q6 stabilizes DNA-Topo II complexes
In tradition, topo II-targeted inhibitors are classified as topo II catalytic inhibitors and poisons, and the latter ones were clinical used [18] [19] [20] . The superior anti-cancer capacity of poisons were attributed to the formation of topo II-DNA complexes which resulted in the DNA DSBs and the ultimate cell death [18] . In order to specify whether Q6 belongs to topo II poisons or not, the TARDIS assay was carried out to detect the formation of topo II-DNA cleavage complexes at the cellular level (Fig 2C) . HepG2 cells were embedded in low melting gel, lysised and washed, incubated with topo IIα primary antibodies and secondary antibodies Alexa Fluor 488 with green fluorescent marked topo II complexed with DNA, then incubated with DAPI (1 μg/μL) for 5 min in the dark. Those dots emitting a green fluorescence and DNA co-localized is topo II cleavable complex. As shown in Fig 2C, 50 μM Q6 under hypoxia emitted much more-green fluorescent compared with the control group as well as TPZ (100 μM) group, suggesting that Q6 possessed the ability to capture and stabilize topo II and DNA formation 
Q6 induces DNA DSBs
Aformentioned data indicated that Q6 could capture and stabilize intermediate DNA-topo II complex, as a novel member of topo II poisons. This process is usually unrecoverable, which leads to DNA double-strand breaks (DSBs) and enables rapid activation of downstream γ-H2AX. Therefore intracellular phosphorylation of H2AX (γ-H2AX) levels can be used as an important indicator of the level of DNA double-strand breaks [21] . For the detection of the extent of DNA DSBs, we firstly employed western blot analysis under hypoxia and normoxia ( Fig 3A) . The results demonstrated that Q6 (20 μM, 50 μM) significantly enhanced γ-H2AX expression after 1 h-exposure in a dose-dependent manner. And TPZ (100 μM), VP16 (100 μM) can also cause increased γ-H2AX expression. We further detect the foci formation of γ-H2AX to confirm the DNA DSBs generation. As shown in Fig 3B, the γ-H2AX foci formation was monitored and the results showed that Q6 triggered evident γ-H2AX foci formation within 1 h. These results collectively indicated that Q6 can capture topo II cleavable complex and cause DNA DSBs.
Q6 induces G2-M arrest
Aforementioned data revealed that Q6 caused DNA DSBs under hypoxia, which may due to the topo II targeting effects. Here, flow cytometry was employed to detect the cell cycle distribution of HepG2, Bel-7402 after TPZ and Q6 exposure. Notably, 5 μM Q6 induced 75% G2-M arrest, and 10 μM TPZ induced only 55% G2-M arrest in HepG2 cells for 24 hours (Fig 3B) . Similarly, 5 μM Q6 induced 78% G2-M arrest, and 10 μM TPZ induced 62% G2-M arrest in Bel-7402 cells for 24 hours (Fig 3C) . Thus, Q6 induces more DSBs-Mediated G2-M arrest than TPZ, which is consistent with its potent activity to trap topo II-DNA complexes and induce DNA DSBs.
Q6 triggers apoptosis via ATM
The therapeutic effects of the topo II-targeted drugs were partially attributable to apoptosis. Our preliminary data have showed that Q6 could induce apoptosis of hepatocellular carcinoma via caspase-cascade in both time and dose dependent manners. As members of phosphatidylinositol 3-kinase-related kinase family, ATM plays critical roles during the DNA damage response [22] . In order to explore the role of DNA DSBs and ATM/ATR pathway activation induced by Q6, western blot analysis were used to assess the effect of Q6 on ATM/ATR signaling pathways. It is noteworthy that in HepG2 (Fig 4A) and Bel-7402 (Fig 4B) cancer cells, Q6 (2.5 μM, 5 μM) under hypoxia for 6 h could activate ATM signaling pathway in a dose-dependent manner. In the contrast, the ATR-Chk1 pathway was not activated under the same experimental conditions (Fig 4A and 4B) . Thus we introduced caffeine [13] abate the G2-M arrest caused by Q6 in hepatocellular carcinoma, which suggested Q6 induced G2-M arrest was caused by DNA DSBs which were sensed by ATM pathway (Fig 5A) . To further explore DNA DSBs and ATM pathway activation in apoptosis provoked by Q6, caffeine and KU-60019 were further utilized to block the ATM kinase, Fig 5B showed that caffeine could aggravate Q6-induced apoptosis. In consistent with these findings, caffeine-pretreatment sensitized HepG2 and Bel-7402 cells to Q6-triggered caspase cascade, as indicated by the extended cleavage of caspase-3 and PARP (Fig 5C) . Similarly, KU-60019 preincubation enhanced Q6-caused apoptosis from 25% to 62% (Fig 5D) , accompanied with increased activation of caspase cascade (Fig 5E) . In order to further verify whether ATM signaling pathway was essential to Q6-induced apoptosis, RNA interference approach was employed. Knockdown of ATM in Q6-treated HepG2 cells led to robust increased protein level of bax (Fig 5F) , a proapoptotic factor [25] . In conclusion, these data revealed that, as an novel candidate for topo II poisons, Q6 induces apoptosis by accumulating DNA DSBs. Meanwhile, the DNA damage sensor ATM is integrated into this process, and the depletion of ATM will assist cancer cells toward apoptotic destiny.
Discussion
Our previous study revealed that, Q6, a novel analogue of TPZ, was capable of targeting hypoxic cancer cells, leading to the autophagic degradation of HIF-1α in the hypoxic HCC cells, with improved anti-cancer efficiency than its parental compound TPZ [4] . However, the mechanism(s) of action of Q6 remained to be fully elucidated, since the interruption of HIF-1α by this compound may not sufficiently induce apoptosis, which could not explain the massive cell death when HCC cells were exposed to Q6. The present study unraveled that, in addition to the HIF-1α-targeting effects, the interfering of topo II may also contribute to the anticancer activities possessed by Q6. Herein, our data displayed that the direct interaction of Q6 with topo II facilitated the inhibitory effects of Q6 on the catalytic activity of topo II, and the stabilization of the topo II-DNA- , and subjected to sub-G1 analyses (D) and Western blot analyses (E), respectively. F. Western blot was used to assess compound ternary complexes, which resulted in DNA DSBs, cell cycle arrest and ultimately the apoptotic cell death of HCC cells. Despite TPZ and the chemical modulated analogue Q6 shared all these features, the chemical manipulation preferentially endowed Q6 with better topo II-inhibition ability, stronger apoptosis-induction capacity, and improved antitumor efficiency both in vitro and in vivo, according to both the current study and our previous findings [3, 4] . Importantly, our results demonstrated that the DSBs triggered by the topo II-poisoning mediated the apoptosis of HCC cells, thus underling the indispensable roles of topo II-targeting in Q6-exerted anticancer effects.
Mounting evidences established the casual link between hypoxia and the negative prognosis of cancer patients, since hypoxia contributed significantly to chemoresistance [26] , angiogenesis [27] , invasiveness [28, 29] , resistance to cell death [5, 30] , which ultimately leading to failed therapy. In order to combat with hypoxia, variety strategies have been developed [2, 31] . The most established approach is the induction of HAPs which were designed to specifically eliminate hypoxic tumor cells. As the leading compound of HAPs, TPZ exhibited hypoxic selectivity in a variety of cancer cell models; nevertheless, it has been hampered in randomized phase II and III clinical trials, at least partially, owing to limited improvement in tumor control [32, 33] . Thus a number of HAPs other than TPZ have been developed to exploit hypoxia, including PR-104, TH-302 and SN30000, which were undergoing the clinical or preclinical studies [32, [34] [35] [36] . The substantial efforts to develop novel HAPs are aiming at improve the efficacy to kill hypoxic cancer cells. In this context, the understanding of the mechanisms of action that those HAPs exert under hypoxia may lead to more efficient targeting of the hypoxic tumor environment, which can assist in the rational development of novel hypoxia selective candidates.
The majorities of HAPs described to date are designed to release DNA damaging cytotoxin and thus killed cancer cells [37] . Among these HAPs, PR-104 and NLCQ-1 are DNA crosslinker and intercalator, respectively [38, 39] ; while AQ4N as well as TPZ were revealed to be topo II poisons [8, 40] . In addition to the cytotoxicity-mediated cancer cell killing, the exploitation of dual mode action, namely, simultaneously leading to cell death and interrupting some unique hypoxic cellular target(s), would open the new opportunities to combat with the hypoxia.
Given the critical roles that HIF-1α played under hypoxia with its ability to trans-activate a variety of target genes promoting angiogenesis, metastasis, resistance, proliferation and antiapoptosis, the suppression of HIF-1α is regarded as a effective way to alleviate the hypoxiamediated malignancy [6] . Our previous study revealed that Q6 could induce autophagic degradation of HIF-1α, which was mediated by the ubiquitin-binding adaptor protein, SQSTM1/ p62 [4] . Of note is the factor that, accelerated degradation of HIF-1α could give rise to the inhibition of angiogenesis and metastasis, but may not sufficiently lead to cell death in a short period. In this context, the topo II-targeting effects revealed by our present study raised the notion that Q6 exerted a dual mode of action to exploit HIF-1α and topo II simultaneously, thus achieved a superior anti-cancer activity in hypoxic cancer cells.
Several lines of evidence implicated the interaction of HIF-1α and topo II: Creighton-Gutteridge et al. demonstrated that NSC 644221 inhibited hypoxic induction of HIF-1α and the target gene VEGF mRNA expression in U251 cells in a topo II-dependent way, since the silencing of topo IIα, but not topo I, by specific small interfering RNA completely blocked the ability of NSC 644221 to inhibit HIF-1α [41] . In the contrast, another study showed that the topo IItargeting mitoxantrone, but neither doxorubicin nor etoposide (VP-16), could strongly inhibited HIF-1α expression under hypoxic conditions in a dose-and time-dependent manner, through a translation inhibition mechanism. And the mitoxantrone-mediated inhibition of HIF-1α expression was largely independent of two topo II isozymes [42] . Similarly, a novel topo II inhibitor MFTZ-1 reduced HIF-1α accumulation driven by hypoxia or growth factors in human cancer cells, possibly through the inhibition of PI3K-Akt and MAPK pathways, eliciting anti-angiogenesis independently of its topo II inhibition [43] . Thus the suppression of HIF-1α by topo II inhibitors may origins from either topo II-dependent or independent-manners, mainly by blocking the transcriptional or translational levels of HIF-1α. Nevertheless, Q6 is the first agent that could promote the autophagic degradation of HIF-1α in hypoxic cancer cells. And the link between the autophagic degradation of HIF-1α and the topo II suppression warrant further investigation.
ATM is the member of the phoshpoinositide kinases-related protein family, which senses the DNA DSBs and triggers subsequent cell cycle arrest and apoptosis [22] . By arresting cells at specific cell phases, damaged DNA was allowed to be repaired and the cancer cells may survive. Caffeine, an ATM kinase inhibitor, could abolish the DNA damage-induced cell cycle arrest and sensitize the cancer cells to DNA damage [44, 45] . In consistent with these findings, the ability to sensitize cancer cells of caffeine was also achieved when it was co-incubated with Q6, as indicated by attenuated cell cycle arrest and enhanced apoptosis. Thus we were encouraged to conclude that the DNA DSBs, origins from the topo II poisoning, initiate the apoptotic cell death in Q6-exposed cancer cells.
In summary, our present study have shown for the first time, that Q6 targets topo II by stabilizing the topo II-DNA-drug ternary complexes, particularly in those hypoxic cells. Thereby Q6 induces DNA DSBs, and leads to apoptotic cell death of the cancer cells under hypoxia. Together with our previous findings, the appreciable hypoxic selective anticancer activity of Q6 could be attributable to its dual mode of action, namely, the topo II-targeting effect as well as the induction of autophagic degradation of HIF-1α. These features favors Q6 a promising HAP drug candidate endowed with improved ability to kill hypoxic cancer cells and deserving of further study and development.
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